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Tnear sanding 1 Titanium with Controlled Elongations at 1U%/sec

A.PL ttaudhammer* ang A.d. Gray

Materrals Science ana Technology Division, Los Alamos National Laboratory,
Los Alamos, NM 8/54%

~lurrently on sabbatical ivave as ua U.S. Sentor Scientist Awardee from the
Alexdander von Humboldt Stifttung at the Fraunnofer-Institut fur Angewandte
Materialforschung, Bremen, FRG.

ABSTRACT: Adiabatic shear bands were obtained in titanium with control-
led strains to 1J.8 %. Two types of snear bands were observed and char-
acterized. in generdal the quantity and shear band width increased with
increasing elongation. At elongdatinns below ~ 5 % the shear bands were
typically characteristic of shear bands observed at lower strain rates.
Above 5 % elongations many of the shear bands contained 4 boundary
regime ddjdacent to Lhe shear band and increased in width with increas-
ing total elongation. This effect was attributed to the strain neat,.

!. INTRODUCTION

At high strain rates adidbdatic shedar iocalization is a very important
phenomenon thdat hdas a protound offect on plastic deformation and fracture.
Her» we describe the first observations made of the nature ol adiabatic
ﬁheurhbands in comm rcially pure titanium shock elongated at a strain rate
ot 169/sec.

Controlled strain experiments were achieved by the use of impedence mat-
ched pedestals of various heights which dictated the amount of the reflec-
Lted tensile wave in the sample. This tensile wdve imperts 4 certain rlegree
oi detormation in the sample, which in turn generates neat ond thus pro-
motes the tormation of adiabatic shear bands. These shear bands have been
documented by Roqers (19/79) in a variety of bulk forming operations and for
titanium alloys by Semiatin and Lahoti (1981 a,b). Until the present time,
there has been no data on the sheer band formation in titanium with high
rate Lensile deformation. For most cexperiments that have been done, the
strain rate has been around 103/sec. or below and they were done primarily
with titanium alloys such a5 that by Bryant and Wilsdort (1988). Numerous
publicavions exist tor Ti and Ti-alloys examined under compression,

PXPLRIMENTAL

Prguee | oillustrates the cylindercal arrangement, tor subjecting a4 solid
bar specimen of titantum (purity 9.7 &0 all sanples were trom one lotl) Lo
continuous by varying pressure along the specimen length trom /7 to 9% GPa.
in tins arrangement | detonat ion ot the main charge (composition (-4 px-
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Fig. 1. Schematic c* *ne snhock dxis and outer radius uf the test
loadiny dassembly. sample tor C-4 eoxplosives.

plosive) begins ragially at the top edge of the specimen ond us the deto-
nation wave moves radially outward and downward, the pressure is added
incrementdlly ot a rapid rdate. The key to dccurately determininy the pres-
sure protile along the specinen, and the shock wdave profile within the
specimen, 15 a two-dimensional Fulerian computer code in use at Los Alamos
National |abordatory. for ti1tanium, this protile i< shown in Fig. 7. Anneal-
ed sold cylindrical samples utilized in the arrangement shown schemati-
cally tn Figo 1 had an anitial grarn sirze ot 5) pm, and a corresponding
microrardness ot 40 VHN, The samples were 63.4 mm in length and 38.1 mm

in diamcter,

The technique tor strain measurements 15 based on circle griding. A net-
work ot circle qrids were pnotoplated onto the preshccked specimen,. The
estimated accurtcy tor post shock local strain medasurement is 1%. These
qrids could then be post shock measured for both lateral and vertical
strarn abt each carcie posttion. The griding technique is described else-
where by Hecker (1978). With knowledge ot local strain and calculated
pressure, optical microscopy was made and reterenced to known sheck
varitables. Specimens for oplical microscopy were cut both parallel and
perpendicutlar to the cylinder axis o that comparisons of the residual
Mmrcrostructures could be made,

itoshould be noted trom the shock wave protile which travels through the
cybhindrical specaimen, *hat s by compartson to a plane compressive wave,
a shear wave mak ing an angle ot 5% with che specimen central axis. Thas
shock —wave qeomel ry . and the assoc vated specimen detormat ton, produces a
‘rraxtal stresy state which 1t tantamount to o high sbrain rate extrusion
nothe arrangement shown an brgy 1o The actual stramn rates, which can be
dedipeed rom 1Ne computer o odaes, were in the rangs ot JoP /Lo,



‘. RESULTS

The use o a3 pedestail as shown in Fig. o enanled variations of «longation
elween L5 o v o tracture to be adtleved 10 Litdanium. Th1s wads based
SNoedriver wern on sdd stainless steel by Jonnson et oai (1986) and Staud-
SAMmer ol u: o L Ep .,

Sl Strain erttolt

S1tferent Strain values were ubtained bv warving the pedestal height. The
TJD momentun lrap was concoritantly adjus‘ed to match the height of the
redestal td ensure 1JU N recovery, The amount ot elonqation from separate
uxperiments versus the pedestal heignt 1s plottea in big. 3, along with
the resulis rrom similar experiments tor 3 stainless steel. Both titani-
oM oand 304 stainless steel tollow the same frend, 1¢, by 1ncreasing the
vedestal nergnt, o reduction of the overall strain 1s dchieved. The mini-
mum elongation acnieved in titanium was 3.7 %, A post shocked sdample using
'n1s pedestal -wesign is snown in Fig. 3. Ubserved in this figure are two
tvpes of snedr hands, o radial cone and a more classical tangential axi-
ymmet ric georwetry, They bhoth can be soamented and with the radial type
1eIng generaiiy assowtdted with the higher strains. These will be dis-
ussed later, Tne overall elongation in the wample incredases from the top
o the bottom .and wdas varied by the pedestal height. Additionally, at anv
point alono tne (ylindrical axis the strain is essentially uniform across
the diameter tor homoyencously deformed materials as shown by Staudhammer
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aNa cohnson 13-AY, "rtamiym wnich has a preterence for 1low localization,
nas tensile elengation chdaracieristics as snown in Fig. 5. In this figure,
nNree (ONTroiled c.onaallon experiments are shown for pedestal heights of
Toloom sddelding an overall total strain ot 3.9 %) 1.9 om oyielding /7.2 %

anc, 1.2 omoviending DL w, The observea snedr bands are snown as dashed
iines. Tne sandg facdations indicated in Fig. 3 are the locations

obServed on the culer Surtdce along tne axial lencin of each specimen,
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cmoasared trom crrcle artas) between shedr band segments,
SeRs an edch of the samples, irrespective of the overall
1wtle if anv measureable strain. All local strain read-
ne jawer limt of the urid tecnnique and did not exceed

2.0 fressure tenperature effects
Shock pressures gt essentially fero strain produce two temperature ef-
*vcts. The ddiabatic temperature pulse and the residual lemperature. Both
af these temperdatures are a tfunction of pressure and they were first pu-
hlisned by Rice ot ol ©1084), McQueen et 41 (1960) und McQueen vt al
19/0%, tor u wviartety or materials. By including strain in the system,
‘ne detormation neat omust be added in. At this point one must keep in mind
Tndt these temperatares are in tact wnat the sample "sees". They however,
d0 not occur 4t the same time. This perhaps can best be illustrated schem-
atically in Fioure . “hown here is a temperature-time profile at a given
position and pressure in the sample. The temperaturc ..Tp and AT, are esta-
blished by tne snock pressure, and »T, is determined by the strain magni-
tude. Tne adirabatic temperdature rise ATy exists for approximately 1 us and
leaves with the pressure pulse (pulse duration), the residual temperature
rise ATp exists in the sampie right after the release of the adiabatic
temperdature and is o long term effect. The strain heat appears in the
sample at a time which is twice the travel distance from the point of
Interest and the retlecting tree surface times, the shock velocity in
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z1tanium, While the puise duration tor Ty 1s 1 ps, the distances from the
retlecting surrface can exceea 6 om,. Consequently, one must look more close-
‘v at tne time separation of tne udiabatic and strain temperatures. The
sdlabatic temperature resuley trom a snock compression wave which is a
“JUNC2i0n ur pressure and can re obtdined from the data of McQueen et al
19/0', The strain temperature results from the tensile retlected wave and
15 such, tney only overlap ut the free surfdce where the strain tempera-
TJre component s initiated. As the tencile reflected wave propagates back
snroun the csnocked sample, the time Jdelay between the adiabatic and
strain temperature ygets larger. This results in a time delay of from near
' usec. Jat the hottom of tne sample to approximately 11 psec. at the top
~f ine sample. The pedestal not oniy controls the amount of the overall
~lunuation, 1t also increases the delay time between the adiabatic ard
strain temperatures since tnis is preportional to the pedestal height. For
a 1.3 un pedestal, tnis results in a agelay time of near 3 usec. and for a

«m pedestal, nedr 10 .sec. This time aelay insures that the adiabatic
and strain temperatures are separate and do not occur Simultaneoucly.

'nti! now, all the figures shown reterred to axial lengths in the sampie.
") obtain a better picture uvne rust observe the radial cross sections as
weli. This is :llustrated in Fig. . 3hown in Fig. 7a is the radial pres-
sure profile at &5 cm from the top uf the sample (see Fig. 2), und is
.diculdated from data after McQueen et al (1970). Strain measurements are
snown in Fig. b, for the 10.0 % elongated sample. The local strains in
the hulk are relatively iow. Yowever, in the shear bands the local strains
are significantly larger. The values as shown, where obtainable, are only
approximate dand vstimated from shear offsets, as the cross section of the
sample was not yrided. These strain values do, however, represent the trend
across the cross section with the shear bands decreasing in magnitude
towdrds the center of the sample. This was observed in all samples, parti-
cularly 1n the nigh strain regions. This is in contrast to what is observ-
¢d in 4 homogeneously deformed sample such as 304 stainless steel under
s1m lar conditions as shown dy Staudhammer and Johnson (1988) where the
strain dcross the sample diameter at dny position was constant and not
rolated to the pressure profile. The temperature profiles are shown in
Fig. /c. All temperatures vexcept the strain temperature are known or cal-
culated values. The strain temperatures are schematically illustrated.

An additional pressure effect that should be addressed is that of shock
hardening. Shock hardening results from a shock event which induces micro-
structural chanqges that dre qoverned by the same basic features which
govern all deformation microstructurcs. In materials such as titanium in
which shear bands are easily obtdined, the deformdtion is highly localized
in the shear band dnd relatively unaffected in the matrix. Microhardness
measurements were made tor all regimes of elongation including shear bands
and matrix. All the post shocked readings had essentially the same value
which averaged 333 VHN for all three elongations. This is not inconsistent
v-ith other observations made on titanium alloys by Jonas (19/8). The shock
did, however, increase the overall nardness trom the as recrived annealed
vondition which had a value ot 40 VIIN.

fo3 Yhedar hand charactoeristte s

A indicated ecarlier, two Lypes ot shear bhands are observed. One that
intersects the outside diametor at an angle ot 457 to the axial length of
‘he wample and 14 observed over the Tength of the sample (ie occurs at all
tevely of elongatton). The second type ot shear band had a radial cone
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shape with a 45" intersection of the outside diameter and the cone apex.
The microstructural characteristics of both types of shear bands are
identical and appear to vary only in their geometry. These observations
and descriptions have been obcerved in the work of Staker (1981), Culver
'1973) and Semiatin et al (1984) where shear localization in the shear
band occurs by simple shear.

ivpical microstructures are shown in Fig. Ba tor the axial length type ond
in from a longitudinal section. Fiqure 8b tor the radial cone Lype is
from a radial cross section. Fiqure 8Ba is from a region of low strain
(2 «m trom the top ot the sample) and Fig. 8b from a region of higher



Fig. 8. Shear bands in titanium shocked at 106/s a) from a longitudinal
section at an elongation of 1 %, b) from a radial cross section at an
elongation of 5 %. Micrographs a), b) from the 5 cm pedestal shot.
Figure 8b was obtainec by differential interference contrast by

Nomarski techniques.

Fig. 9. Typical shedar band microstructure in the high strain region of
Litanium. Note the heat affected zone adjacent Lo the shear band.



strain (5 cm from the top). The high strain region in all three samples
had for the larger snear bands the characteristics shown in Fig. 9. As
this is the high pressure region, as well as the higher strain region, the
temperature in this regime will be the highest in the sample. Similarly
the time delay between adiaLatic and strain temperatures is the shortest
and as such would have the greatest effect on thermal softening of the
sample.

4. CONCLUSION

- Shear bands occuring at 106/s and appearing to be independent of
shock pressure, are dominated by strain and have the same character
as those observed at lower strain rates.

- The number of shear bands increases with overall elongation, Similarly
the width of the shear band generally increases with increased
overall elongation.

+ Shock hardening was observed in the bulk, however the shear bands had
the same hardness. This is due to the annealing effects of the strain
heat in the shear band, particularly at large strains.
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